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Abstract. µνSSM is an R-parity violating non-minimal supersymmetric model which uses
right chiral neutrino superfields to solve the µ-problem. The R-parity violation together with
a TeV scale seesaw mechanism using right handed neutrinos are instrumental for the light
neutrino mass generation in µνSSM. We show that it is possible to accommodate three flavour
global neutrino data in µνSSM with three massive neutrinos at the tree level. Ingression of the
one-loop corrections to neutrino masses and mixing shows certain variations over the tree level
analysis depending on the specific hierarchy of neutrino masses involved. In µνSSM some of the
R-parity violating decay branching ratios of the lightest neutralino show nice correlation with
certain neutrino mixing angle. These correlations along with the presence of displaced vertices
in the decay of the lightest neutralino can be further investigated as a test of µνSSM in collider
experiments.
1. Introduction
Recent findings of neutrino oscillation experiments has put forward strong evidences for the
massive neutrinos. A satisfactory explanation for the non-zero neutrino masses is beyond the
Standard Model framework. Weak scale supersymmetry (SUSY) is a well motivated candidate
for beyond the Standard Model (SM) physics and is of immense interest with the initiation of the
Large Hadron Collider (LHC) era. However, SUSY has its own theoretical problems out of which
a well-known name is the µ-problem [1]. Solutions to the µ-problem are addressed in a non-
minimal version of SUSYmodel using a SM gauge singlet superfield (Sˆ). On the other hand, both
the minimal supersymmetric standard model (MSSM) and next-to-minimal supersymmetric
standard model (NMSSM) predicts massless neutrinos similar to the SM. Massive neutrinos in
a SUSY framework can be achieved in two ways, either using the R-parity violation (6RP ) or
through canonical seesaw mechanism (initially proposed to prevent fast proton decay through
sparticle mediated processes). Rp is defined as Rp = (−1)
L+3B+2s with L(B) as lepton(baryon)
number and s is the spin. MSSM can accommodate neutrino masses through the bilinear or
trilinear 6RP without solving the µ-problem. However, these new bilinear 6RP violating terms
will again cause naturalness problem similar to the µ-problem [2].
The “µ from ν” supersymmetric standard model (µνSSM) [3, 4] invokes right-handed neutrino
superfields to solve the µ-problem and at the same time uses the same set of right-handed
neutrino superfields to generate light neutrino masses. In a nutshell µνSSM is a minimalistic
extension of MSSM (includes only right-handed neutrino superfields apart from the MSSM
superfields) for accommodating neutrino masses and simultaneously solving the µ-problem.
The µνSSM can fit the three flavour global neutrino data even with flavour diagonal structure
of the neutrino Yukawa couplings for various hierarchies of light neutrino masses [5] at the tree
level. All three light neutrinos can acquire non-zero masses at the tree level. 6RP in µνSSM will
lead to an unstable Lightest Supersymmetric Particle (LSP). Some ratios of the decay branching
ratios of the LSP show nice correlations with certain neutrino mixing angles [5] depending on the
LSP nature and the hierarchy in the light neutrino masses. These correlations can be investigated
as the experimental signatures of µνSSM with possible discriminating features from other SUSY
models. Another important feature of µνSSM is the possibility of having displaced vertices in
the decay of the lightest neutralino, which can vary from a few mm to ∼ 1 meter depending on
the nature of the lightest neutralino [5]. Tree level results of neutrino masses and mixing show
variations with the addition of the one-loop radiative corrections. The amount of variations
were observed to be dependent on the choice of the hierarchy in light neutrino masses [6].
We note in passing that various other aspects of µνSSM like LHC phenomenology,
spontaneous CP-violation, gravitino dark matter, baryogenesis are discussed in refs.[7, 8, 9, 10]
respectively. For a review of µνSSM and seesaw mechanism in µνSSM see refs. [11] and [12].
2. The model
The model superpotential is
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where νˆci are the right chiral neutrino superfields ingressed in µνSSM apart from the MSSM
SU(2) doublet (Hˆ1, Hˆ2, Qˆi, Lˆi) and singlet (uˆ
c
j , dˆ
c
j , eˆ
c
j) superfields. In eq.(1) i, j, k represent
generational indices. Appearance of any bilinear term is prohibited by imposing a Z3 symmetry
in the µνSSM superpotential. This superpotential explicitly breaks Rp through lepton number
violation by odd units (5th and 6th terms of eq.(1)). There are corresponding entries in the soft
SUSY breaking sector too [3].
After the electroweak symmetry breaking (EWSB) when the scalar component of Higgses
and left and right sneutrino fields develope the respective Vacuum Expectation Values (VEVs)
v1, v2, v
′
i, v
c
i , we have an effective µ-term and bilinear 6 RP terms (ǫi) as µ =
∑
λivci and
ǫi =
∑
Y ijν v
c
j , respectively. The 6
th term of eq.(1), with the coefficient κijk, is included in
order to avoid an unacceptable axion associated to the breaking of a global U(1) symmetry
[13]. After EWSB this term generates effective Majorana masses (mνc
ij
) for the right-handed
neutrinos at the electroweak (EW) scale and are given by 2 κijkvck. These EW scale right
neutrinos are further responsible for light neutrino mass generation through seesaw, thereby
lowering the seesaw-scale within the reach of a TeV scale collider.
Here, as a digression, let us mention that the spontaneous breakdown of the Z3 symmetry
through right-sneutrino VEV can in general lead to the formation of domain walls [14, 15, 16].
The associated problems can, however, be ameliorated through well-known methods [17, 18].
3. Tree level neutrino masses and mixing
The lepton number violating interactions in the superpotential and in the soft SUSY breaking
part of the scalar potential allows mixing between states having zero lepton number with states
having non-zero lepton number. As a consequence mass matrices in the scalar and fermion
sectors get enhanced over their MSSM structures [4, 5]. In the neutral fermion sector now the
four MSSM neutralinos mix with three generations of left and right-handed neutrinos and hence
the neutralino mass matrix enlarges to 10 × 10. In the basis Ψ0
T
=
(
B˜0, W˜ 03 , H˜
0
1 , H˜
0
2 , ν
c
i , νi
)
,
the neutralino mass matrix is given by
Mn =
(
M7×7 m
T
3×7
m3×7 03×3
)
. (2)
The matrix M7×7 contains a 4 × 4 block of MSSM neutralinos as well as a 3 × 3 block of
right-neutrinos and mixing terms between them [4, 5]. The null 3× 3 block inMn signifies the
absence of Majorana mass terms for the left handed neutrinos. The elements of m3×7 contain
either left handed sneutrino VEVs (v′i) or Higgs VEVs multiplied by neutrino Yukawa couplings
(Y ijν ), and hence, are of much smaller magnitudes compared to the entries ofM7×7. This feature
ensures a seesaw-like structure of Mn[4, 5] and the light neutrino mass matrix using seesaw is
given by
M seesaw = −m3×7M
−1
7×7m
T
3×7. (3)
This seesaw mass matrix can be diagonalized (with mνi as mass eigenvalues) using a unitary
matrix UPMNS containing neutrino mixing angles (provided that the charged lepton mass matrix
is already in the diagonal form) as follows
UTPMNSM
seesawUPMNS = diag(mν1 ,mν2 ,mν3). (4)
With a few simplifying assumptions [5] one can get an approximate analytical form for the
entries of seesaw mass matrix (M seesaw) as
M seesawij =
2Avc
3∆
bibj +
1
6κvc
aiaj(1− 3δij), (5)
where
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2
2)
2 + 4λκvc2v1v2 − 4MλAµ, µ = 3λv
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,
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ii
ν v2, bi = (Y
ii
ν v1 + 3λv
′
i), (6)
with i, j, k = e, µ, τ . We have used the fact that v′i ≪ v1, v2.
The seesaw structure in µνSSM can be well understood if we investigate eq.(5) in the following
limits[5], (i) vc →∞ and v → 0 (v2 = (v21 + v
2
2)) and (ii) M →∞.
In the limit (i) we end up with
M seesawij ≈ −
v′iv
′
j
2M
, (7)
and in case (ii) we have
M seesawij ≈
v22
6κvc
Y iiν Y
jj
ν (1− 3δij). (8)
The form of eq.(7) is associated with the gaugino seesaw effect where the gauge coupling×left
sneutrino VEV (v′i) acts as the Dirac mass and the effective gaugino mass (M) plays the role of
the Majorana mass[6]. In the gaugino seesaw scenario because of the presence of left sneutrino
VEV, an effective ∆L = 2 Majorana mass term for light neutrinos is generated from a pair
of ∆L = 1 vertex involving left-handed neutrino and neutral wino/bino (B˜0/W˜ 03 ). This is
analogous to Type-III seesaw because of the association of the hypercharge zero triplet fermion
[6]. Another feature of gaugino seesaw is that it generates only one massive neutrino at the
tree level. On the contrary eq.(8) is associated with the ordinary seesaw effect involving right-
handed neutrinos. For this case one can get two massive neutrinos at the tree level. This is the
well-known example of Type-I seesaw using singlet fermion (right-handed neutrino for µνSSM),
where the ∆L = 2 effect is coming through right chiral neutrino Majorana masses [5].
With a suitable choice of model parameters one can treat the second term of eq.(5) as a
perturbation over the first term. We would like to emphasize that for most of the parameter
choice ai ∼ bi, hence the relative weight difference is coming from the co-efficient in front
(2Av
c
3∆
and 1
6κvc
) [5]. Appearance of bibj in the first term of eq.(5) gives only one non-zero
neutrino mass ∝
∑
b2i . The other two masses emerge due to the effect of ordinary seesaw [5].
Approximate analytical expressions for the masses and mixing for normal hierarchical schemes
of light neutrino masses were obtained in ref. [5] which show good agreement with the complete
numerical analysis without any approximation [5]. As an illustrative example, in case of normal
hierarchy the atmospheric mixing angle is given by
sin2 θ23 =
b2µ
b2µ + b
2
τ
, (9)
with bi’s are given by eq.(6). It is clear from the analytical formula in eq.(9), that the maximal
mixing in the atmospheric sector indicates bµ = bτ .
Note that using bi = (ai cot β + 3λci) with ci = v
′
i and tanβ =
v2
v1
, one ends up with more
elucidate form of eq.(5) as [6]
(M seesawν )ij = f1aiaj + f2cicj + f3(aicj + ajci), (10)
where (using eq.(6))
f1 =
1
6κvc
(1− 3δij) +
2Avccot2β
3∆
, f2 =
2Aλµ
∆
, f3 =
2Aµcotβ
3∆
. (11)
It is very clear from eq.(10), that the 1st and the 2nd term can contribute to only one mass
eigenvalue and are ∝
∑
a2i and
∑
c2i with suitable co-efficient in front. It is the 3
rd term or the
mixing term which is responsible for giving masses to all three light neutrinos [6].
4. One-loop corrected neutrino masses and mixing
It is clear from the above discussion that in µνSSM all three light neutrinos get seesaw masses
at the tree level even with the flavour diagonal choice of neutrino Yukawa couplings (Yν) [5]
consistent with the three flavour global neutrino data [19]. With the inclusion of one-loop
radiative corrections tree level results of neutrino masses and mixing receive corrections over
their tree level values depending on the concerned mass hierarchy [6].
There are seven possible sources [6] of one-loop corrections to the light neutrino masses in
µνSSM and they are listed below
(i) neutralino - neutral scalar in the loop,
(ii) neutralino - neutral pseudoscalar in the loop,
(iii) neutralino - Z-boson in the loop,
(iv) chargino - charged scalar in the loop,
(v) chargino - W±-boson in the loop,
(vi) up-type quark - up-type suqark in the loop,
(vii) down-type quark - down-type suqark in the loop.
The relevant Feynman rules are given in ref.[6]. In the absence of any fine cancellation, the
dominant contribution to loop corrected neutrino masses arises from (i) and (ii) above, when
right sneutrinos are in the loop. This contribution is proportional to squared mass difference
between right sneutrino scalar and pseudoscalar mass eigenstates [7, 20, 21, 22].
Using the dimensional reduction (DR) scheme in the ’t-Hooft-Feynman gauge (ξ = 1) one
can write down the expression for one-loop corrected neutrino mass matrix in the basis, where
the tree level mass matrix is diagonalized. This one-loop corrected neutrino mass matrix can be
further diagonalized to get one-loop corrected mass eigenvalues. In order to obtain the neutrino
mixing matrix we rotate back to the flavour basis using neutralino mixing matrix [6]. In this
way we obtain the one loop corrected neutrino mass matrix in the flavour basis and further
apply the known methods of seesaw mechanism to get the one-loop corrected mass eigenvalues
(m′νi). The corresponding unitary matrix U
′
PMNS, which diagonalizes this matrix contain the
one-loop corrected mixing angles [6].
The one-loop corrected neutrino mass matrix as shown in ref. [6] looks like
(M seesawloop−corrected)ij = A1aiaj +A2cicj +A3(aicj + ajci), (12)
where Ais are functions of our model parameters and the Passarino-Veltman functions
(B0, B1) [23, 24]. The form of the loop corrected mass matrix thus obtained is identical to
the tree level one (see, eq.(10)) with different coefficients Ais in front arising because of the
one-loop corrections.
The effect of one-loop corrections to neutrino masses and mixing varies with the neutrino
mass hierarchy. We found it relatively easier to accommodate the normal hierarchical spectrum
of light neutrino masses compared to inverted or quasi-degenerate spectrum when the effect of
one-loop correction was taken into account [6]. The allowed region of tree level parameter space
were observed to shrink severely in the case of inverted hierarchy of light neutrino mass and
thereby only a very little window of allowed parameter space remains open with the inclusion of
loop-effect [6]. The effect of one-loop correction produces practically vanishing allowed region in
parameter space for the quasi-degenerate scheme. However, we must emphasize here that these
conclusion are parameter dependent and the huge parameter space of µνSSM always left us with
enough room to observe some different phenomena in a entirely different corner of parameter
space.
5. Decays of the LSP
6RP in µνSSM leaves no room for a stable LSP. The lightest SUSY particle in this model will
eventually decay into the SM particles making this model testable in collider experiment. It is
an well-known feature of the SUSY models with bilinear 6RP to show nice correlations among
neutrino oscillation parameters and LSP decay patterns[25, 26, 27]. In the µνSSM one observes
similar correlations among certain neutrino mixing angles with ratio of decay branching ratios
[5, 7]. These correlations vary with the concerned neutrino mass hierarchy and with the LSP
nature [5]. In µνSSM, apart from a gaugino or higgsino LSP one can also have a right-handed
neutrino or singlino like LSP. This third possibility is a special feature of µνSSM and is of great
interest because of its direct relation with the seesaw scale. A proper detection may be followed
by a faithful mass reconstruction tool to probe the right-handed neutrino mass scale or the
seesaw scale which is hitherto unseen for its gauge-singlet nature [5]. Decays of fermionic LSP
can produce multiple leptons and jets in the final state decay products, for which a comparative
analysis can be performed for obtaining signatures of µνSSM at colliders [7]. In µνSSM right-
sneutrino is also an eligible candidate to be the LSP [5].
One more crucial experimental signature of µνSSM can come from the study of displaced
vertices. Depending on the LSP composition the decay length can vary several orders of
magnitude, which is ∼ a few meters for a singlino like LSP. As a corollary a dedicated
investigation of the displaced vertices can provide characteristic signature of µνSSM.
Acknowledgments
I would like to thank the Council of Scientific and Industrial Research, Govt. of India for a
Senior Research Fellowship. I gratefully acknowledge P. Dey, B. Mukhopadhyaya and S. Roy
for their collaborative supports. I also wish to thank the organizers of the PASCOS 2010,
“16th International Symposium on particles, strings and cosmology” for their kind hospitality.
I would further like to thank my supervisors U. Chattopadhyay and S. Roy for providing
financial assistance through their respective research grants. Finally, I am grateful to Prof.
K. Bhattacharya, Director, IACS for his kind approval and for the encouragement I received
from him.
References
[1] Kim J E and Nilles H P 1984 Phys. Lett. B138 150
[2] Nilles H P and Polonsky N 1997 Nucl. Phys. B484 33–62 (Preprint hep-ph/9606388)
[3] Lopez-Fogliani D E and Munoz C 2006 Phys. Rev. Lett. 97 041801 (Preprint hep-ph/0508297)
[4] Escudero N, Lopez-Fogliani D E, Munoz C and de Austri R R 2008 JHEP 12 099 (Preprint 0810.1507)
[5] Ghosh P and Roy S 2009 JHEP 04 069 (Preprint 0812.0084)
[6] Ghosh P, Dey P, Mukhopadhyaya B and Roy S 2010 JHEP 05 087 (Preprint 1002.2705)
[7] Bartl A, Hirsch M, Vicente A, Liebler S and Porod W 2009 JHEP 05 120 (Preprint 0903.3596)
[8] Fidalgo J, Lopez-Fogliani D E, Munoz C and Ruiz de Austri R 2009 JHEP 08 105 (Preprint 0904.3112)
[9] Choi K Y, Lopez-Fogliani D E, Munoz C and de Austri R R 2010 JCAP 1003 028 (Preprint 0906.3681)
[10] Chung D J H and Long A J 2010 Phys. Rev. D81 123531 (Preprint 1004.0942)
[11] Munoz C 2010 AIP Conf. Proc. 1200 413–416 (Preprint 0909.5140)
[12] Lopez-Fogliani D E 2010 (Preprint 1004.0884)
[13] Ellis J R, Gunion J F, Haber H E, Roszkowski L and Zwirner F 1989 Phys. Rev. D39 844
[14] Ellis J R et al. 1986 Phys. Lett. B176 403
[15] Rai B and Senjanovic G 1994 Phys. Rev. D49 2729–2733 (Preprint hep-ph/9301240)
[16] Abel S A, Sarkar S and White P L 1995 Nucl. Phys. B454 663–684 (Preprint hep-ph/9506359)
[17] Abel S A 1996 Nucl. Phys. B480 55–72 (Preprint hep-ph/9609323)
[18] Panagiotakopoulos C and Tamvakis K 1999 Phys. Lett. B446 224–227 (Preprint hep-ph/9809475)
[19] Schwetz T, Tortola M A and Valle J W F 2008 New J. Phys. 10 113011 (Preprint 0808.2016)
[20] Hirsch M, Klapdor-Kleingrothaus H V and Kovalenko S G 1997 Phys. Lett. B398 311–314 (Preprint
hep-ph/9701253)
[21] Grossman Y and Haber H E 1997 Phys. Rev. Lett. 78 3438–3441 (Preprint hep-ph/9702421)
[22] Hirsch M, Klapdor-Kleingrothaus H V and Kovalenko S G 1998 Phys. Rev. D57 1947–1961 (Preprint
hep-ph/9707207)
[23] Passarino G and Veltman M J G 1979 Nucl. Phys. B160 151
[24] ’t Hooft G and Veltman M J G 1979 Nucl. Phys. B153 365–401
[25] Mukhopadhyaya B, Roy S and Vissani F 1998 Phys. Lett. B443 191–195 (Preprint hep-ph/9808265)
[26] Choi S Y, Chun E J, Kang S K and Lee J S 1999 Phys. Rev. D60 075002 (Preprint hep-ph/9903465)
[27] Romao J C, Diaz M A, Hirsch M, Porod W and Valle J W F 2000 Phys. Rev. D61 071703 (Preprint
hep-ph/9907499)
